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a b s t r a c t
Predictive coding theories posit that the perceptual system is structured as a hierarchically organized set of
generative models with increasingly general models at higher levels. The difference between model predictions and the actual input (prediction error) drives model selection and adaptation processes minimizing
the prediction error. Event-related brain potentials elicited by sensory deviance are thought to reﬂect the
processing of prediction error at an intermediate level in the hierarchy. We review evidence from auditory
and visual studies of deviance detection suggesting that the memory representations inferred from these
studies meet the criteria set for perceptual object representations. Based on this evidence we then argue
that these perceptual object representations are closely related to the generative models assumed by
predictive coding theories.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Helmholtz's (1860/1962) notion of unconscious inference engendered arguably the most fruitful line of perceptual research throughout the relatively short history of psychology, the empiricist tradition.
In one of its contemporary variants, Gregory (1980) suggests that perception is akin to scientiﬁc hypotheses: it is the brain's best-ﬁtting
model for the information entering the senses. But together with
Gordon (1997) we can ask how these models are formed, what evidence they are tested against, and how they adapt to an ever changing
environment? To answer these questions, some of the theories of predictive coding (Creutzig and Sprekeler, 2008; Dayan et al., 1995; Friston,
2005, 2010; Hohwy, 2007; Mumford, 1992; Rao and Ballard, 1999;
Schütz-Bosbach and Prinz, 2007) evoke the principle of free-energy
minimization (e.g., Friston, 2005, 2010).
Predictive coding theories suggest that the perceptual system's
primary objective is to minimize the discrepancy between predictions
from its internal generative models of the environment and the actual
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sensory input. Structured as a hierarchy of models of increasing levels
of abstraction, predictions from each level are tested on data emerging one level lower with the difference (termed the “error signal” or
“prediction error”) being passed upwards in the hierarchy (for nonmathematical descriptions, see Baldeweg, 2007; Hohwy et al.,
2008). The error signal then governs model selection/adjustment in
order to minimize prediction error throughout the system. Thus predictive coding theories implement the analysis by synthesis principle
(Neisser, 1967; Yuille and Kersten, 2006) and conform to the notion
of gist-ﬁrst processing suggested by some recent theories of perception (Ahissar and Hochstein, 2004; Bar, 2004, 2007), whereby
higher-level (more general) models govern the interpretation
(model selection) at lower levels. Predictive coding theories acknowledge the stochastic nature of the information entering the senses, a
notion that has long been argued by an early theorist of perception,
Egon Brunswik (1956). Dealing with probability distributions instead
of discrete values, predictive coding theories assume that the brain
follows Bayesian inference rules in model selection (Kersten et al.,
2004; Knill and Pouget, 2004; Yuille and Kersten, 2006). Models
based on hierarchical Bayesian inference using hierarchical generative models represent a recent development in the ﬁeld (Friston and
Kiebel, 2009; Lee and Mumford, 2003). In a hierarchical setting, the
predictions from higher levels play the role of empirical priors on representations in lower levels. This resolves concerns about where
priors come from and makes (empirical) priors accountable to
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the alternative interpretations (see Winkler, 2007) led to the hypothesis that 1) memory representations of the detected regularities are
generative models providing predictions about upcoming sensory
events and 2) MMN is elicited when the current stimulus does not
match these predictions (Baldeweg, 2006, 2007; Garrido et al.,
2009c; Näätänen et al., 2011; Sinkkonen, 1999; Winkler, 2007;
Winkler et al., 1996; see also Bendixen et al, in press in this issue).
Winkler and Czigler (1998) further argued that the function of the
MMN signal is to update the regularity representations violated by
the deviant stimulus (see also Winkler, 2007). Thus, in terms of predictive coding theories, MMN can be regarded as a signal carrying
the prediction error (Garrido et al., 2009c).
Based on the above interpretation of MMN, the memory representations reﬂected in the MMN ERP component may be compatible with
the generative models assumed in predictive coding descriptions of
perception. We previously suggested (Winkler, 2010; Winkler et al.,
2009) that the representations inferred from MMN studies meet the
criteria set for auditory object representations. Thus results obtained
in studies of the auditory and visual MMN may provide a link between the predictive coding view of perception and the psychological
literature of perceptual object representations.
Here we review results of studies measuring the auditory and visual MMN offering (indirect) evidence about the nature of perceptual
object representations. The aims of the review are 1) to compare
characteristics of the object representations in the two modalities
and 2) to assess how well they ﬁt into a generalized predictive coding
account of perception. 2

sensory data. Thus sensory data is used to update the evaluation (the
probability of the correctness) of existing models. In the end, the
model with the highest probability of being correct determines the
(conscious) percept.
Thus, according to these theories, the general makeup of the afferent
system1 is divided into 1) neuronal circuits implementing the generative models and setting up lower levels in the hierarchy and 2) circuits
determining prediction errors and passing them onto higher levels
(Friston, 2005). However, whereas the determination of prediction errors is quite clear, the make-up of the corresponding generative models
is rather unspeciﬁed beyond the principles of Bayesian inference processing. A consequence of this imbalance of detail between the two assumed functional units of predictive coding theories is that most
neuroscience evidence interpreted in favor of predictive coding comes
from observing neuronal activity that shows effects expected of processing prediction errors. The major sources of such evidence are singlecell data and simulations (Grill-Spector et al., 2006; Hosoya et al.,
2005; Jehee and Ballard, 2009; Lee and Mumford, 2003; Wang et al.,
2006), local ﬁeld potentials (Kumar et al., in press), and large-scale
brain responses (Alink et al., 2010; Aoyama et al., 2005; den Ouden et
al., 2010; Murray et al., 2002); each showing reduced activity for predicted as compared with unpredicted sensory input. There exist also behavioral data compatible with what is expected from a system working
on Bayesian principles (den Ouden et al., 2010; Ernst and Banks, 2002;
Hohwy et al., 2008; Weiss et al., 2002; Yu, 2007). However, the representation and maintenance of the generative models received less elaboration so far.
Psychological theories agree on that the overall function of perception is to discover the sources of the information entering the
senses, because knowledge about these objects and events can be utilized to reach survival and reproduction goals (e.g., Brunswik, 1956).
Thus behavior is inﬂuenced by the distal objects and events. Even
when behavior is apparently controlled by a single feature (e.g. we
pick up a cherry by its color), the feature belongs to an object. Therefore, psychological theories have for a long time assumed the existence of brain representations for objects and suggested that
incoming sensory information is stored and manipulated in such
units in the brain. The question addresses here is how these representations relate to the multi-leveled generative models of predictive
coding theories?
The representations inferred from studies measuring the mismatch negativity (MMN: Näätänen et al., 1978, for a recent review,
see Näätänen et al., 2011) event-related brain potential (ERP) and
its visual counterpart (vMMN: Tales et al., 1999 and Heslenfeld,
2003, for recent reviews, see Czigler, 2007, 2010, and Kimura, in
press in this issue) may provide a useful link between these two
views of perception. MMN and vMMN are elicited when the incoming
stimulus violates some regular feature detected from the preceding
sequence. MMN was discovered in the context of the auditory oddball
paradigm. Occasionally exchanging a repetitive sound (termed, the
“standard”) for a different one (termed, the “deviant”) elicited a
fronto-centrally negative ERP response (MMN) peaking between
100 and 200 ms from the onset of the deviance (typically the sound
onset). MMN was initially described as an ERP correlate of detecting
a mismatch between the memory trace of the repeating sound and
that of the incoming one (Näätänen et al., 1978). Research in the
past thirty years demonstrated that MMN is also elicited by violations
of regularities which are more complex than stimulus repetition, including such regularities in which each sound is speciﬁed by the immediately preceding one (Paavilainen et al., 2007; Horváth et al.,
2001). These and similar evidence as well as a detailed analysis of

Objects serve as perceptual units, as was ﬁrst emphasized by
Gestalt psychologists (Köhler, 1947) and they are also the units of attentional selection (e.g., Duncan, 1984). The ﬁrst difference between
the two (auditory and visual) modalities lies in what constitutes
this unit of representation. That is, what is a perceptual object?
Whereas in vision, object representations unequivocally refer to
physical objects in the environment, in the auditory modality, two
different perceptual units can be distinguished. The acoustic source
(the physical cause of the sounds) is termed “concrete object”,
whereas the pattern of sounds (e.g., a melody or the sound of and
approaching car) is termed “abstract object” (Wightman and Jenison,
1995). Although it may initially seem attractive to restrict the notion
of auditory perceptual objects to concrete (physical) objects, it
appears that abstract objects are just as, perhaps even more relevant
in describing auditory perception (for detailed discussion, see
Grifﬁths and Warren, 2004 and Kubovy and Van Valkenburg, 2001).
The difference between the representational units in audition and vision stems from the physical nature of these modalities (for a discussion, see Bregman, 1990) and, consequently, the way humans utilize
information emerging in them. 3 Adapted to our natural environment
and mode of acquiring food, the human perceptual system relies
more on vision than audition for characterizing physical objects
(their location, shape, make-up, etc.; see e.g., Spence and Driver,
1999). In contrast, fast processing of auditory information on several
time scales in parallel provides early warning of danger and the
means of communication (see e.g., Boemio, et al., 2005; Poeppel,
2003). These purposes are better supported by representations of abstract than concrete objects which allow one to select and recognize
sound patterns characterizing various environmental events and
communicative acts. Accepting abstract auditory objects as perceptual units forced theoreticians to describe object representations in

1
By most predictive coding theories, motor control and cognition works similarly.
We shall, however, restrict our discussion to perception.

2
For links between MMN and Friston's inﬂuential predictive coding model of perception, see Garrido et al. (2009c).
3
Note that some species, such as bats, use auditory information similarly to how visual information is used by humans (through sound emission and echolocation).

2. Object representations and (v)MMN
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terms of processing principles applicable across modalities, rather
than attempting to ﬁnd direct analogies between auditory and visual
features (Gregory, 1980; Grifﬁths and Warren, 2004; Kubovy and Van
Valkenburg, 2001; Winkler et al., 2009). In the following, when discussing object representations, we mean both types of auditory
objects.
Subjectively, objects appear to us as the combination of their
features (such as color, shape, size, etc. in the visual and pitch, timbre, duration, etc. in the auditory modality). Feature combinations
are assumed to be represented together in what has been termed
object ﬁles (e.g., Kahneman et al., 1992). However, this phenomenological description of object representations is not sufﬁcient. For
example, perceptual objects preserve their identity even when
some of their features change. Feature changes may not be intrinsic
to the object. They could result from changes in the environment
surrounding the object (such as a change of the intensity of the illumination) or in the observer (e.g., a change in his/her position
relative to the object). Mechanisms of perceptual constancies (for
a detailed discussion, see e.g., Gordon, 1997) separate true changes
of object features from changes due to environmental events, thus
preserving object identity even when sensory information changes.
In fact, the empiricist tradition as well as the roots of predictive
coding lies in Helmholtz's (1860/1962) explanation of perceptual
constancy in the face of environmental effects: He assumed that
the brain utilizes predictive relationships between characteristics
of the environment and the sensory information arriving from objects within it.
There are, however, also ‘true’ changes in object features. These
are especially important when dealing with living entities. For example, change in color can signal when some food becomes edible,
changes in the posture and voice of an animal can suggest that it
prepares for an attack, etc. Typically, a set of features changes together following some regular pattern (e.g., the appearance of various emotions on the face and in the voice of a person). Being able
to predict what follows these changes while preserving the identity
of the object is of obvious survival value. Furthermore, object representations probably also involve non-perceptual features, such as
the possible usage of the object, termed affordance (Gibson, 1977)
or object-related actions (Hommel et al., 2001; Prinz, 1990), as
well as attitudes toward the objects. Predictive coding theories
with their hierarchically structured representations of increasing
generality and complexity are especially well suited for providing
an explanatory framework for maintaining object identity despite
(predictable) transformations and to link perception with actions
and cognitive constructs.
In this review, we discuss perceptual object representations based on
information from a single modality. There are two main reasons to focus
on such representations. Firstly, since the time of Gestalt psychology, a
large part of the perceptual literature deals with this type of representations, gathering considerable knowledge about them. Thus we will be
able to characterize them and examine how they ﬁt into the larger picture provided by predictive coding theories. Secondly, unimodal perceptual representations form the level at which information originating
from different modalities may be of compatible structure and information content, such that they can be systematically aligned and combined
into multi-modal object descriptions.4 One important aim of the current
review is to examine how similar (compatible) such representations are
in the auditory and the visual modality as assessed via a common testing
method, the deviance detection paradigm.

4
This is not to deny that there may be direct cross-modal effects at low levels of the
sensory hierarchy. There is ample anatomical and physiological evidence suggesting
the existence of such cross-modal interactions. However, even if one does not assume
a strict modular view of perception, it appears likely that at low levels of the perceptual
system, information processing is largely modality speciﬁc.

2.1. Features expected of perceptual object representations
Here we generalize the ﬁve deﬁning characteristics proposed for
auditory object representations by Winkler et al. (2009) to also
cover visual object representations and link it with the principles of
predictive coding theories.
1) Perceptual object representations encode and thus predict the
combination of sensory features as they appear in the input. This
feature is identical to the phenomenological description of perceptual object representations (see, e.g., Kahneman et al., 1992).
2) Perceptual object representations allow separation of different objects by specifying (predicting) which parts of the sensory input
belong to them.
These two features of perceptual object representations do not
take into account that the sensory input changes in time. However, it is highly unlikely that these features would be implemented
in the human brain separately from those that deal with the effects of time. Thus these features are likely to emerge within a representation structure adapted to handle the sensory input as it
unfolds in time.
3) Perceptual object representations connect the information belonging to the same object as it appears in time, thus predicting how information from an object becomes available in the future. Although
most visual studies of object representations presented still pictures,
in everyday visual scenes, parts of objects typically become visible at
different times. In the auditory modality, abstract objects always
represent temporal patterns, including intermittently appearing
ones, such as a series of footsteps. Much information can only be
derived by relating to each other samples from different times
(e.g., whether the footsteps are approaching or receding; for a visual
example consider an animal running through a wooded area).
4) Perceptual object representations absorb variation in the input
(included in the generated predictions), while maintaining the
identity of the represented object. The notion of identity goes beyond perception in the strict sense and likely involves multiple
levels of representations. Variation resulting from ecologically
valid changes in the environment or the observer may be handled
at relatively low levels of the perceptual system. They are likely to
be encoded in the initial structure of the sensory systems (representing learning through evolution 5) and/or be part of the calibration of these systems by early sensory experience (such as those
acquired by infants through manipulating objects). The results of
other transformations, in terms of object identity, are highly sensitive to high-level knowledge about the context. Here we shall restrict the application of this criterion to the “primitive” perceptual
constancies.
5) Perceptual object representations extend the actually available information about the object to parts that are currently not sensed
(i.e., predictions are context sensitive). In the visual modality, typically not all parts of an object can be seen at any given moment of
time. As Gregory (1980) argues, we perceive tables with four legs,
even though we seldom see more than three of them at any given
time. If perceptual object representations describe objects as they
appear in time, then as we suggested above, they also extend the
object information to future states. In fact, a functional view of
perception needs to acknowledge that perception must be intrinsically directed toward the future, because we can only interact
with future states of the environment compared with the time
from which our information originated. For example, when crossing a street, we are not primarily concerned about where cars are
at the moment, but where they will be when we reach their lane.
5
Note that the offspring of several species are born with highly functional perceptual (e.g., visual) systems and, at least initially, do not need or have the opportunity for
extensive development through learning.
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Some theorists suggest that the brain considers sensory information as encoding descriptions of future states of and events in
the world (Creutzig et al., 2009; Dubnov, 2008; Tishby and Polani,
2011). Thus we consider extrapolation in general (cf. Gregory,
1980) and prediction of the future in particular as a deﬁning
feature of perceptual object representations (cf. Bar, 2007; Bubic
et al., 2010; Kotz and Schwartze, 2010; Schütz-Bosbach and
Prinz, 2007; Summerﬁeld and Egner, 2009; Winkler, 2010;
Winkler et al., 2009).
In the following subsections, we review the relevant MMN and
vMMN studies for each of these characteristics of perceptual object
representations.
2.2. Representing feature combinations
Results of MMN studies suggest that the memory representations
involved in deviance detection encode the feature combinations of
frequently encountered sounds (Winkler et al., 1990). Directly testing
this issue, Gomes et al. (1997) composed sequences from three frequent (p = .30, each) and one infrequent (p = .1) pure tone. Each of
the three frequent tones had a unique pitch and intensity level. The
infrequent tone had the pitch of one and the intensity of another of
the frequent tones (“conjunction deviant”). Thus the features of the
conjunction deviant appeared frequently within the sequence, but
the combination of these features was rare. MMN was elicited by
these conjunction-deviant tones. This result, which has been since
replicated by several studies (Sussman et al., 1998a; Takegata et al.,
1999, 2001, 2005; Winkler et al., 2005a), shows that featureconjunctions are encoded in the memory representations involved
in auditory deviance detection.
A visual variant of Gomes et al.'s (1997) study was implemented
by Winkler et al. (2005a). Square-wave grating stimuli were deﬁned
by two features, color (red/black or blue/black) and orientation (horizontal or vertical). Two of the color-orientation combinations
appeared frequently (p = .45 each), whereas the other two infrequently (p = .05 each) within the sequences. Comparing between responses elicited by identical stimuli when they appeared infrequently
vs. when they appeared frequently within the stimulus sequence, a
vMMN was observed. Thus the memory representations involved in
visual deviance detection also encode the feature combinations of
the frequently presented stimuli. It should be noted that participants
were unaware, which conjunctions were frequent and which conjunctions were infrequent. The automatic nature of the vMMN is supported by recent ﬁndings (Berti, 2011).
The literature on perceptual object formation is divided on the
issue whether focal attention is required for representing feature
combinations, that is, to create objects ﬁles. Basing on a wide range
of behavioral evidence, Treisman and her colleagues (Treisman,
1998; Treisman and Gelade, 1980) suggested that features are only
conjoined for those parts of the visual display to which spatial attention has been directed. In contrast, other researchers provided evidence suggesting that feature integration does not require focused
attention (Duncan and Humphreys, 1989; Holcombe and Cavanagh,
2001; Houck and Hoffman, 1986). MMN (Takegata et al., 2005; Winkler
et al., 2005a) and vMMN (Winkler et al., 2005a) results suggested that
the features are correctly conjoined in both modalities outside the
focus of attention. These results apparently contrast ﬁndings of illusory
feature conjunctions found for stimuli falling outside the focus of attention (e.g., when observers do not have enough time to separately focus
on each presented object) (in vision, Treisman and Schmidt, 1992; in
audition Takegata et al., 2005; Thompson et al., 2001). Takegata et al.
(2005) suggested that task-related strategies may be responsible for
the reported illusory feature combinations. In contrast, the processing
of task-irrelevant stimuli, as inferred from the MMN and vMMN
results, is not biased by such top-down effects.
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MMN studies also showed that a common feature is extracted
from a sequence of sounds varying in other features (Deacon et al.,
1998; Huotilainen et al., 1993; Gomes et al., 1995; Näätänen et al.,
2004; Pakarinen et al., 2010; Winkler et al., 1990). To account for
these ﬁndings as well as the above reviewed ones showing that
feature-combinations are registered by the memory representations
involved in MMN generation, Ritter et al. (1995) suggested that features and feature-combinations are stored in parallel. However, individual features are probably not processed independently of each
other as some studies showed that rare sounds deviating from a repeating sound in multiple features may only elicit a single MMN
(Czigler and Winkler, 1996; Oceák et al., 2008; Winkler and Czigler,
1998). For example, rare tones differing from the frequent ones in
both pitch and duration, elicited an MMN response that was identical
to the one elicited by pitch-violation alone, even though duration deviance also elicited the MMN response when the duration-deviant
tone had the standard pitch (Czigler and Winkler, 1996). Sulykos
and Czigler, (2011) provided similar evidence for the visual
modality. Task-irrelevant Gábor-patches were presented regularly to
participants. In separate stimulus sequences, occasionally, stimuli
deviating in orientation, or spatial frequency, or both features
(“double deviants”) were delivered. Double-deviants elicited a response that was identical to the orientation-only vMMN component.
The absence of vMMN to spatial-frequency deviance within the doubledeviants indicated that visual deviance detection was also based on integrated stimulus events, rather than separate features. Thus it appears
that in both modalities, the feature-conjoined representation takes
precedence over individual features in deviance detection.
Finally two or more features appearing together are not the only
inter-feature relationship that is detected by the human auditory system. Paavilainen et al. (2001) found evidence that also rules, such as
“the higher the pitch, the lower the intensity” were extracted, because tones violating this rule elicited the MMN.
Thus we conclude that the memory representations inferred from
MMN and vMMN results encode the relationship between (in most
cases, the combination of) the features of the stimuli appearing in a
sequence.
2.3. Object separation
Segregation of concurrent sound objects can be based on instantaneous and/or temporal/sequential cues (Bregman, 1990). Instantaneous segregation utilizes the harmonic (spectral) structure of the
sound input, relative timing of sound onsets, etc. Importantly, it does
not require information regarding the preceding auditory stimulation
and thus needs no predictive processing. The object related negativity
(ORN) is regarded as the footprint of instantaneous sound segregation
in ERPs (for a review, see Alain and Winkler, in press).
Segregation by temporal/sequential cues can be studied using
MMN by making the regularities emerging in a stimulus sequence dependent on the perceptual organization of the sequence. This method
is based on the observation that linking two sounds within a single
object is much easier than linking two sounds belonging to separate
objects. For example, when sounds are perceptually sorted into two
coherent sequences (termed auditory streams) observers have difﬁculties to determine the relative timing or even the order between
sounds belonging to different streams (Bregman, 1978; Bregman
and Campbell, 1971). Several studies showed that violating sequential regularities led to MMN elicitation only when the parameters of
the sound sequence promoted an organization in which the violated
regularity could be perceived (e.g., Sussman et al., 1998b; Winkler
et al., 2003; Yabe et al., 2001; for reviews, see Alain and Winkler, in
press; Sussman, 2007; Winkler, 2010). For example, Sussman et al.
(1998b) delivered a sequence of alternating high and low tones. Separately within the high and low tones, a three-tone pattern was cyclically repeated. Occasional reversals of the order of the three tones
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(separately for the high and low pattern) elicited the MMN when the
sequence was perceptually segregated into a high and a low stream,
but not when all tones were heard as part of a single stream. This
was because the single integrated stream was perceptually dominated by the alternation between the high and the low tones, obscuring
the separate high and low tone patterns.
Using the same principle, that is that the relationship between two
events within the same object is processed differently from that between two events located on separate objects, Müller et al. (2010)
developed a paradigm for the visual modality. Participants were required to detect occasional changes of a ﬁxation cross at the center
of the screen. Irrelevant patterns composed of eight colored circles
were presented around the ﬁxation cross. From the eight circles,
four complex objects were formed by connecting pairs of neighboring
circles with highly visible lines. On most presentations, all circles had
the same color. However, infrequently two neighboring circles were
ﬁlled with a color that was different from that of the other circles (deviants). There were two kinds of deviants: the two deviant-colored
circles were either connected (one-object deviant) or not (two-object
deviant). The responses elicited by one-object and two-object deviants differed from each other, showing an object-related effect on
vMMN.
Except for the rare case of duplex perception (Fowler and Rosenblum,
1990; Rand, 1974), each element within the sensory input belongs to exactly one object. This principle provides the basis of Rubin's (1915) wellknown face–vase illusion, in which the assignment of the border between the black and the white parts of the ﬁgure determines which of
them will be perceived in the foreground and thus what object is perceive in the ﬁgure. In a series of experiments, Ritter and his colleagues
(De Sanctis et al., 2008; Ritter et al., 2000, 2006) demonstrated that deviant sounds elicited the MMN only with respect to the regularities present
within the stream to which they belonged. Winkler et al. (2006) tested
an auditory analog of Rubin's face–vase stimulus conﬁguration and
found that sounds, which could serve as the border between two concurrent sound streams, were exclusively assigned to one or the other
stream.
In summary, object representations inferred from MMN and
vMMN studies are separated from each other and each element of
the auditory and visual input is (usually) assigned to only one of
them.

2.4. Connecting temporally discrete events
This feature needs no detailed discussion. Almost all studies of
MMN and vMMN delivered sequences of discrete stimuli (for reviews, see Czigler, 2007; Kimura, in press in this issue; Näätänen
and Winkler, 1999; Näätänen et al., 2011). According to the current
interpretation of the MMN (vMMN) response, the memory representations involved in the elicitation of this component encode the regularities extracted from the preceding stimulus sequence (for
discussions of the alternative interpretations of MMN, see Garrido
et al., 2009c; May and Tiitinen, 2010; Näätänen et al., 2005; Winkler,
2007). Thus the representations inferred from these studies connect
temporally discrete stimulus events. In the auditory modality, formation of such representations has been observed with a temporal separation up to ca. 10 s between consecutive sounds (Sams et al., 1993).
Other studies found that MMN was eliminated after somewhat
shorter intervals (for a review, see Näätänen and Winkler, 1999). In
vision, Kimura (in press, in this issue) reported that a small vMMN
was elicited with a 5 s pre-deviant interval. Maekawa et al. (2009)
tested the elicitation of vMMN while varying the duration of the
interval separating the establishment of a visual regularity (by nine
presentations of the same display) and the test sequence in which a
deviant was delivered in the second position. No vMMN was found
with 12 s separation, whereas a signiﬁcant vMMN was elicited after

6 s. In a recent study (Sulykos et al, in preparation 6), no vMMN was
obtained after a temporal separation of 6.9 s.
Just as for the auditory MMN, it is likely that the maximal duration
of the interval after which a vMMN can be elicited varies somewhat
with the stimulus parameters. However, it appears that this duration
is comparable between the two modalities. The temporal limitation
on episodic memory representations is compatible with sensory
memory ﬁndings in experimental psychology (for a review, see
Coltheart, 1984).
2.5. Extracting object representations from variable sensory input
Normally, the sensory information arriving from an object is variable. Therefore, perceptual stability requires that object representations should refer to distributions along the various features rather
than to concrete feature levels. In the ﬁrst part of this section, we review evidence showing that the object representations inferred from
(v)MMN studies can handle some variation of the stimulus features.
At the same time, the requirement of distinguishing objects limits
the amount of variation that should be accepted for any given object.
This results in the formation of categories. In the second part of this
section, we examine category effects observed in studies of deviance
detection.
2.5.1. Low-level variability — higher-level regularity
In Section 2.2., we already mentioned the studies which showed
that the auditory MMN is elicited by sounds deviating in a feature
that is common to most of the sounds in the sequence even when
other features vary. For example, Gomes et al. (1995) varied both
the frequency and the intensity of the tones in a sequence while
keeping duration constant. Occasional duration deviants elicited the
MMN response. Furthermore, Winkler et al. (1990) showed that
when the intensity of most tones varied within a given range, rare
tones whose intensity fell outside this range elicited the MMN
response. Thus the range of observed variance is encoded within the
auditory object representations involved in the MMN-generating
process.
Higher-level features are also extracted from a variable input. Several studies showed that varying the absolute frequency levels of tone
pairs while keeping either only the direction or both the direction and
the relative size of the within-pair pitch step constant allows the formation of a representation against which tone pairs with a different
pitch step elicit the MMN (Paavilainen et al., 1999, 2003; Saarinen
et al., 1992). Similar results were obtained in newborn infants (Carral
et al., 2005; Stefanics et al., 2009) as well as for tonal patterns and
short melodies (Fujioka et al., 2004; Tervaniemi et al., 2001, 2006;
Trainor et al., 2002). The former suggest that extracting regularities
from a variable input is part of the basic conﬁguration of the auditory
system. Further studies showed that more complex sequential regularities, such as generalized versions of pitch alternation (Horváth
et al., 2001) or rules connecting two different features within a single
sound (Paavilainen et al., 2001) are also extracted from sequences of
sounds varying in one or more features.
In vision, recent studies addressed the registration of some ecologically valid high-level regularities, facial expressions of emotions.
Some of these studies presented pictures of a single model (Susac
et al., 2004; 2010; Zhao and Li, 2006) or schematic drawings (Chang
et al., 2010). The general ﬁnding was that infrequently presented
emotional expressions amongst frequent ones elicited vMMN-like responses even when the faces themselves were task-irrelevant. All
studies found deviance-related parieto-occipital negativities at
about 300 ms from stimulus onset. Chang et al. (2010) and Zhao
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and Li (2006) also observed posterior negativities in the 100–200 ms
range. However, these paradigms did not separate the possible effects
of low-level visual features from those of the complex structure of facial features while expressing some emotion. Furthermore, none of
these studies provided a strict control of attention, which causes
another problem, because emotional faces are highly attentioncapturing.
In order to reduce the effects speciﬁc to the visual features of a single person, Astikainen and Hietanen (2009) presented pictures from
four different models. The standard stimuli were neutral faces; deviants showed either the expression of fear or happiness. Participants
performed an auditory task while the pictures were presented at
the ﬁxation point. Deviance-related posterior negativities were
maximal in an earlier (150–180 ms) and a later (280–320 ms) poststimulus latency range. Deviants also elicited an anterior positivity
between 130 and 170 ms from stimulus onset. In this study, the variance in faces reduced the possible confound of low-level visual features. However, due to presenting the pictures at the ﬁxation point,
the possible attention confound remained.
Stefanics et al.'s (in preparation) 7 participants performed a visual
task with stimuli presented at the center of the visual ﬁeld. Four photographs of faces (two males and two females) were simultaneously
presented at four peripheral locations of the screen. Ten different
models (5 males and 5 females) appeared on the pictures, making
the identity of the models highly variable. Within a single display,
all four models expressed either happiness or fear. In separate sequences, the probabilities of happy and fearful faces were exchanged.
ERPs were compared between the same emotions when they
appeared frequently (standard) or infrequently (deviant) in the
sequence. Both deviant emotions elicited vMMN in the 150–220
and the 250–360 ms range. Thus, even with peripheral stimulation
(participants performed a task with stimuli presented in the center
of the ﬁeld) and with facial identity varying substantially, rare
changes in facially expressed emotions were detected by the brain.
The ERP results of all of the above-reviewed studies of deviance in
facial expression of emotions are quite consistent. 8 Importantly, the
emotion-related visual mismatch responses obtained by Astikainen
and Hietanen (2009) and Stefanics et al (in preparation) cannot be
attributed to change in some particular low-level visual feature.
Thus these results showed that structural sets of visual features are
extracted from a varying set of inputs and used in processing incoming stimuli. Whether this type of processing is speciﬁc to human faces
remains a question for future research.
Thus both in the auditory and in the visual modality, there is evidence that higher-level structural regularities are picked up from a
sequence of varying stimulus presentations. The resulting memory
traces represent both what is common within the sequence and,
probably, the observed range of the variation.
2.5.2. Object representations and category effects
Many studies tested the ERPs elicited by oddballs qualitatively deviating from the standard. The so-called novelty 9 ERP effects typically
consist of the elicitation of a large N1 response (for a review, see
Näätänen and Picton, 1987) which may also include an MMN and
the P3a (for reviews, see Escera et al., 2000; Friedman et al., 2001;
Polich, 2007). Although the traditional interpretation regards P3a as
an ERP index of attention switching, some recent studies suggest
that it may be a higher-level evaluation of the object itself that
takes into account its signiﬁcance within the entire context (Horváth
7
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For a report of a further study of emotion-related vMMN, see Kimura (in press), in
this issue.
9
In most studies, “novel” stimuli refer to pictures of real objects or environmental
sounds delivered amongst simple geometric drawings or pure tones. Thus these stimuli may not be actually novel to the participant. Rather, they fall into a different category of objects and are often more complex than the frequent stimuli.
8
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et al., 2008; Rinne et al., 2006). Thus the novelty effect may be based
on a category effect. This suggestion gains support from a similar
study in newborn infants (Kushnerenko et al., 2007), which showed
that the neonatal ERP response to deviance generally includes an
early negativity in the 50-150 ms post-stimulus interval (when deviance involves relatively large spectral change) and a following positivity peaking in the 250-350 ms interval. In addition to these ERP
responses, oddballs qualitatively differing from the standard stimulus
also elicited a late negativity in the 450-550 ms interval. The authors
interpreted this response as showing an innate tendency to form simple perceptual categories.
Another possible categorical effect was observed by van Zuijen et al.
(2004, 2005), who found that rare task-irrelevant tonal patterns
deviating from the frequent ones by containing an additional tone
elicited MMN in musicians. Employing an ingenious design, Ruusuvirta
and colleagues (2009) showed that newborn infants are also sensitive
to numeric regularities. In this study, babies were presented with a
series of tonal patterns made up of four pure tones. Pure tones were
either 1000 or 1500 Hz in frequency. When most patterns in the
sequence contained two tones of each pitch (2:2; each possible
permutation delivered with equal probability), rare homogeneous
patterns (4:0) elicited a discriminative response. Thus it appears that
neonates extracted a categorical type of regularity from these sequences.
Many auditory deviance-detection studies of categorical effects
tested contrasts between phonemes (for reviews, see Kraus and
Cheour, 2000; Näätänen, 2001). MMN effects corresponding to the
category-boundary (Liberman et al., 1957) as well as to the perceptual magnet effect (Kuhl, 1991) have been observed. With many studies
using cross-linguistic controls, across-category contrasts yielded
higher-amplitude and/or earlier MMN responses than withincategory ones (Dehaene-Lambertz, 1997; Näätänen et al., 1997;
Phillips et al., 2000; Winkler et al., 1999; Ylinen et al., 2005).
Further, near-prototype contrasts elicited lower-amplitude MMNs
than within-category contrasts between less typical pairs having
equal acoustic separation (Aaltonen et al., 1997). A cross-linguistic
category-boundary study of MMN in infants showed that phoneme
categories emerge between the 6th and 12th month of life (Cheour
et al., 1998).
Results of some studies suggest that the lexicality and meaning of
word stimuli and possibly even the grammatical correctness of
phrases may modulate the MMN (for a review, see Pulvermüller
and Shtyrov, 2006). However, other evidence spells caution about a
possible confound of familiarity (Huotilainen et al., 2001; Jacobsen
et al., 2004, 2005).
Category boundary effects were also tested for colors by comparing
the vMMNs elicited by contrasts between two colors with the same vs.
different verbal labels but equal physical separation. Fonteneau and
Davidoff (2007) found that a small within-category deviation elicited
later ERP effects than an across-category one having the same amount
of physical difference. However, the responses were quite atypical for
vMMN. Because Czigler et al. (2002) found vMMN only for larger
color deviations, it is unclear whether or not the deviance-related
responses found by Fonteneau and Davidoff (2007) should be
regarded as reﬂecting memory-based deviance detection. However,
Clifford et al. (2010) found clear vMMN for across-category but not for
within-category deviants having the same physical separation. Thus it
is likely that the object representations involved in visual deviance detection also encode categorical information.
These studies could not shed light on whether verbal labels inﬂuence the perceptual category boundary effect, or there are genuine
categorical boundaries within the visual system, which are reﬂected
by the verbal labels and underlie subjective experience. Whether language could affect perception is highly debated. The debate was initiated by the Whorﬁan hypothesis of linguistic relativity (e.g. Hunt and
Agnoli, 1991). To test this possibility for color categories, Thierry et al.
(2009) compared vMMNs elicited by color contrasts in native
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speakers of Greek and English. Unlike in English, in Greek, the blue region of colors is divided into separate color categories, one for dark
blue (ble) and the other for light blue (ghalazio). There are no category differences between the two languages for the green region. Participants in Thierry et al.'s (2009) study responded to occasional squares
within sequences predominantly consisting of circles. In separate
blue and green sequences, one shade (dark or light) was frequent
and the other infrequent. In native speakers of Greek, the vMMN
elicited in the blue sequences was larger than that in native
English speakers. No language-related difference was observed for
the green sequences. This result clearly indicates that acquired
categories can inﬂuence the representations underlying visual
deviance detection.
In summary, the above reviewed studies showed that auditory
and visual deviance detection shows category effects, suggesting
that the memory representations involved in these processes encode
categorical information, thus helping the separation of perceptual
objects.
2.6. Predictive memory representations
In principle, all of the phenomena observed in the study of deviance detection can be explained by assuming that predictions are created for upcoming sounds by the previously formed object
representations and that the stimuli arriving from the environment
are compared against these predictions. Indeed, this has been suggested by Winkler and colleagues (Winkler, 2007; Winkler et al.,
1996, 2009) for explaining the auditory MMN. Winkler (2007) compared the prediction-based interpretation of MMN with the then prevailing explanation based on the hypothetical strength of the memory
traces involved in the MMN-generating process (Winkler et al.,
1990). He showed that, whereas the prediction-based account provides a uniﬁed explanation of all MMN results, the trace-strength
account requires additional assumptions to explain some of them.
Furthermore, some of these additional assumptions may contradict
each other (for details, see Winkler, 2007). Here we shortly mention
two types of stimulus paradigms, the deviance detection results
for which are especially suggestive for the prediction-based interpretation of MMN. For further discussion of the prediction-based interpretation of MMN and vMMN, see Bendixen et al (in press) and
Kimura (in press), both in this issue, respectively and Kimura et al.,
2011.
When sounds are omitted from a sequence delivered at a fast rate,
an MMN-like response is elicited which is time-locked to the
expected onset of the omitted sound (Horváth et al., 2007; Oceák
et al., 2006; Shinozaki et al., 2003; Winkler et al., 2005b; Yabe et al.,
1997, 1998, 2001). Similarly, in the visual modality, Czigler et al.
(2006) found a vMMN-like response to omitted stimuli. Because the
response is elicited in the absence of an external stimulus, the phenomenon lends itself to a temporal expectation based interpretation.
However, in both modalities, elicitation of the omission response was
found to be limited to presentation rates of ca. 5 Hz and above; this
limitation does not seem to apply to structured sound sequences,
such as a musical rhythm (Ladinig et al., 2009). This is somewhat
problematic to the predictive interpretation, especially because it is
obvious that humans can produce temporal expectations for longer
than ca. 200-ms long periods; e.g., synchronizing their movements
with slower beats. Other explanations of this phenomenon
(see, Oceák et al., 2006; Shinozaki et al., 2003; Yabe et al., 1997; for
a possible neural mechanism, see May and Tiitinen, 2010) refer to
the temporal window of integration (e.g., Zwislocki, 1969; for a
review, see Cowan, 1984), which can be combined with the predictive account.
MMN was also obtained by violating sequential rules linking successive sounds. For example, Paavilainen et al. (2007) found MMN
to violations of the following rule: ‘long tones are followed by high

tones and short tones are followed by low tones’. Delivering short
and long tones randomly, the pitch of each tone in the sequence
was speciﬁed only by the preceding tone (for a replication and improved control, see Bendixen et al., 2008). Previously, Horváth et al.
(2001) showed the existence of a representation for a similar “local”
rule of pitch alternation (‘a low tone is followed by a high tone and
vice verse’) in the human auditory system. In the visual modality,
Stefanics et al. (2011) tested the effects of violating conditional probabilities. Task-irrelevant colored dot patterns were delivered to
participants at the visual periphery. By shortening every second
inter-stimulus interval, stimuli were perceived in terms of pairs of
dot patterns. Dots within a pair had identical color in most cases
and the probabilities of the different colors were equiprobable
within the sequence, overall. Infrequent dot-pattern pairs, the second
stimulus of which had a different color than the ﬁrst one, elicited the
vMMN response (for similar results in the auditory modality, see
Paavilainen et al., 1999, 2003; Saarinen et al., 1992). Finding MMN
and vMMN to violations of these rules hint at predictive processing,
because the rules allowed predicting some feature of a stimulus
from the immediately preceding one.
Thus the results of deviance detection studies are compatible with
the notion of predictive memory representations. Furthermore,
Winkler (2007) (see also Winkler et al., 2009) argued that predictive
auditory object representations play an important role in making
sense of complex auditory environments (termed “auditory scene
analysis”, see Bregman, 1990) and that the primary function of the
process reﬂected by the MMN ERP response is to update those object
representations whose predictions failed (see, also Winkler and
Czigler, 1998).
However, deviance-detection phenomena can also be explained
without assuming predictive processing. By storing each stimulus
separately, the system could search in parallel for possible ways to
ﬁt each incoming stimulus to the previous ones. The failure of this
process would then lead to the elicitation of the MMN/vMMN
response. Some arguments can be put forward against this retrospective account of deviance detection. For example, two MMN responses
are elicited when the incoming sound mismatches two different rules
(e.g., Winkler and Czigler, 1998; Winkler et al., 1996). If representations of rules are not stored, then this result indicates a system that
elicits an error signal for each of the failed attempts in trying to ﬁt
the incoming sound to the previous ones. However, in the MMN/
vMMN literature, a large variety of rules have been already discovered whose violations resulted in MMN elicitation. If all of these possible ways of connecting stimuli are tested in parallel (as assumed by
the retrospective account), then we should see MMN being elicited
for each sound, because some of the attempts are bound to fail. Furthermore, the retrospective account would have a problem explaining the reactivation phenomena found in auditory deviance
detection, whereby a previously established rule, which has become
apparently inactive (i.e., no MMN is elicited by violating it) can be
reactivated by a single sound matching the rule (Cowan et al., 1993;
Korzyukov et al., 2003; for a review, see Winkler and Cowan, 2005).
The longest interval after which such reactivation has been reported
was 30 s (Winkler et al., 2002), which by far exceeds the temporal capacity of memory for individual sounds (ca. 10–15 s, see Cowan,
1984). Thus it is unlikely that the reactivating sound (termed "reminder) could be matched to the previous ones. On the other hand,
detecting a new regularity requires three presentations of the same
sound outside the focus of attention (Cowan et al., 1993; Haenschel
et al., 2005; Schröger, 1997; Kimura et al., 2006; Maekawa et al.,
2009) and two even if the sounds are attended (Bendixen et al.,
2007). Thus it is unclear how the retrospective account could explain
the observed reactivation phenomena.
Even so, we acknowledge that the results of studies of deviance
detection alone do not prove that predictive processing plays an important role in perception. On the other hand, corroborating evidence
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obtained with other paradigms makes the case for the notion of predictive auditory and visual memory representations much stronger
(for reviews, see Bar, 2007; Cheung and Bar, in press in this issue;
Bendixen et al, in press in this issue; Friston, 2005; Gregory, 1980;
Hohwy, 2007; Kimura, in press in this issue; Summerﬁeld and
Egner, 2009).

3. Similarities and differences between auditory and visual object
representations
In the previous section, we showed that both auditory and visual
memory representations, as inferred from studies of deviance detection, possess the characteristics expected of perceptual object representations. The evidence described above painted a picture of
similar representations across the two modalities. Here we brieﬂy review the possible differences between the representations in the two
modalities.
The vast majority of vMMN studies adapted designs developed for
auditory research. This strategy introduces a bias toward similarity
between the inferred characteristics of object representations in the
two modalities. The MMN method primarily investigates temporal
regularities. The temporal character of auditory modality versus the
spatial character of visual information processing is almost a truism,
a belief against which we argued in this review. It is reasonable to suggest that linking together sensory information separated in time is an
essential aspect of auditory object formation. Although processing temporal order is also important in vision, its representation has not yet
been linked beyond doubt with the memory involved in vMMN generation. Furthermore, results obtained using other experimental methods
suggest that visual temporal processes, such as those involved in the
planning and regulation of scan paths are under attentional control,
and inter-saccadic integration has been associated with working memory (O'Regan and Noë, 2001).
One possibility to compare auditory and visual memory representations as inferred from MMN/vMMN results is to assess how they ﬁt
with some well-known Gestalt principles (Köhler, 1947). 1. Similarity.
As we know, the proximal stimulation is variable even when the distal object remains constant (Brunswik, 1956). We reviewed evidence
(Section 2.5.1.) showing that the auditory memory representations
involved in MMN generation can absorb some variability of standard
stimuli. As far as we know, no similar visual studies have been conducted yet. However, the sensitivity of vMMN to experiential categories
(colors) indicates the possibility that the memory involved in the
vMMN response possesses similar properties. 2. Proximity. Stimuli
closely spaced in time, i.e., stimuli within the temporal window of integration appear to form highly cohesive units. It appears that the duration of the temporal window of integration is similar in the two
modalities: ~170 ms in vision (Czigler et al., 2006) and ~170–250 ms
in the auditory modality (Czigler and Winkler, 1996; Horváth et al.,
2007; Oceák et al., 2006; Shinozaki et al., 2003; Yabe et al., 1997,
1998). 3. Good continuation may contribute to object formation. MMN/
vMMN responses elicited by violations of sequential rules can be considered as reﬂecting sensitivity to good continuation within object formation. In the auditory modality, MMN has been recorded to
violations of fairly complex sequential rules (e.g., Bendixen et al.,
2008; Horváth et al., 2001; Paavilainen et al., 2007; Tervaniemi et al.,
1994). So far vMMN has been only obtained for violations of rather simple sequential rules (Kimura, in press in this issue). Good continuation
in vision is either a property of an object perceived at a single glance
(such as a sinusoidal line), or a dynamic property (such as a sinusoidal
movement trajectory). The latter can be investigated by using temporarily occluded moving objects. Although motion-related vMMN has
been obtained in several studies (e.g., Kremlácek et al., 2006; PazoAlvarez et al., 2004), the effects of occlusion have not yet been tested.
One may argue that in the oddball paradigm, the blank inter-stimulus
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ﬁeld is a model of occlusion, but we are not convinced about the validity
of this paradigm as a model of occlusion.10
In summary, due to the currently still predominant auditory bias
in the study of MMN, it is too early to assess the degree of similarity
between the memory representations involved in auditory and visual
deviance detection. We call for studies better adapted to the speciﬁcs
of visual information processing, such as, for example, testing deviations related to moving objects and theoretically more relevant visual
stimulus conﬁgurations.

4. Are perceptual object representations compatible with the
generative models postulated by predictive coding theories?
In terms of predictive coding theories, the organism's knowledge
about the world is encoded in generative models. In hierarchical predictive coding models, the system comprises nested levels with error
signals propagating upwards and predictions propagating downwards. This recurrent or reciprocal message passing among levels of
the hierarchical model enables the model to be optimized or adjusted; thereby selecting the best explanation for the current sensory
input. No level has special relevance or carries more or less meaningful information than the others. In contrast, traditional theories of
perception postulate processes and representations with speciﬁc
functions and information contents, such as deviance detection
and perceptual object representations, respectively. The question
addressed here is whether these two general views of perception
can be reconciled with each other in the case of the memory representations inferred from deviance-detection research.
Based on the reviewed evidence, we argued that the memory representations involved in auditory and visual deviance detection can be
regarded as representations of perceptual objects. As such, they are the
anchors grounding all further symbols manipulated in cognitive operations (Harnad, 1990). These representations are implicit (Czigler, 2007,
2010; Näätänen et al., 2011), although their information can be brought
into consciousness: Many studies found close correspondence between
the memory representations inferred from electrophysiological measures of deviance detection and conscious perception of the same stimuli
(for reviews, see Näätänen and Winkler, 1999; Näätänen et al., 2011;
Schröger, 1997, 2007). However, some studies suggest that, perhaps,
not all of the information encoded in these representation can be consciously experienced (Paavilainen et al., 2001, 2007; van Zuijen et al.,
2006). Thus, perhaps they represent a stage en route toward conscious
experience as suggested by Näätänen and Winkler (1999). Modalityspeciﬁc perceptual object representations may also be of special relevance
in the sense that they could form the basis of multi-modal perceptual
object representations. However, the question remains: Can these perceptual object representations be regarded as generative models working
at an intermediate level in the hierarchy postulated by predictive coding
theories?
We already mentioned in Section 1 that deviance detection is a
basic function in the system postulated by predictive coding theories.
It produces the error signal that initiates adaptation at higher levels in
the system. We also argued (Section 2.6) that deviance detection is
based on comparing the incoming stimulus with the prediction
from the representations of detected regularities (see also, Bendixen
et al, in press in this issue; Kimura, in press in this issue; Schröger,
2007; Winkler, 2007, 2010; Winkler et al., 1996, 2009). Thus if
MMN/vMMN is regarded as an error signal at some intermediate
level of the predictive coding hierarchy, then the representations inferred from the MMN/vMMN studies may be related to the corresponding generative models. Indeed, Garrido et al.'s (2008, 2009a,

10
Within the sequential stimulation used in most ERP paradigms, it is difﬁcult to separate the Gestalt law closure from good continuation.
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2009b, 2009c) work showed that the scalp-recorded MMN response
can be modeled in terms of a free-energy based predictive coding system. Thus it is plausible to suggest that the perceptual object representations involved in deviance detection are closely related to
generative models at a speciﬁc level of the hierarchy within the predictive coding description of perception.
Such a convergence of the two frameworks of explaining perceptual processes can provide beneﬁts for both. For example, the predictive coding view offers an immediate reconciliation between the two
major hypotheses regarding the function of the MMN (vMMN) response. Traditionally, MMN was assumed to reﬂect a process initiating a call for further processing of the deviant stimulus as it may
carry potentially important new information (Escera et al., 2000;
Näätänen, 1986, 1990; Schröger, 1997). The more recent interpretation of MMN suggests that it reﬂects a process updating the representation of the regularities whose predictions were mismatched by the
incoming sound (Winkler, 2007, 2010). However, in terms of predictive coding theories, these two functions are one and the same; in the
sense that prediction errors necessarily entail an updating of representations based on novel information that the current models have
failed to explain. Another important issue relates to the neural mechanisms underlying the MMN/vMMN response. Neurons throughout
the ascending auditory pathway show stimulus-speciﬁc adaptation
(SSA; Anderson et al., 2009; Malmierca et al., 2009; Ulanovsky et al.,
2003). Based on currently available evidence, although this mechanism may feed into the deviance detection reﬂected by MMN, it cannot explain a large part of the ERP ﬁndings (Winkler et al., 2009).
Other models attempt to explain speciﬁc MMN phenomena (Javitt
et al., 1996; May and Tiitinen, 2010; Näätänen, 1984), but they miss
a common framework. Predictive coding theories may ﬁll this hole
while also providing advanced modeling tools for testing hypotheses
about the brain mechanisms of deviance detection.
Conversely, as was already mentioned in Section 1, current predictive coding theories are somewhat underspeciﬁed when it comes to describing the actual generative models. Deviance detection studies
gathered much information in this respect. Furthermore, the hypothesis
that the memory representations involved in deviance detection correspond to perceptual object representations provides a link to the vast
psychological literature of perception and memory. These information
can constrain predicting coding theories and further specify the models
assumed by it. Finally, predictive coding theories often assume that all
relevant models preexist. However, this is likely not the case: models
must be built on the ﬂy. Again, some relevant information has already
been obtained by deviance-detection studies (e.g., Bendixen et al.,
2007; Haenschel et al., 2005; Cowan et al., 1993; Sussman and Winkler,
2001; Winkler et al., 1996) and related models (Mill et al., 2011) and the
MMN and vMMN response may provide a way to test the formation of
the generative models of predictive coding theories.
5. Summary
We reviewed evidence suggesting that the memory representations involved in auditory and visual deviance detection meet the criteria set for perceptual object representations. We discussed the
similarities and differences between these representations in the
two modalities. Finally, we hypothesized that the memory representations involved in deviance detection are closely related to the generative models assumed by predictive coding theories.
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